Microvessels are composed of two cell types, endothelial cells (EC) and pericytes. The decrease in the latter (pericyte loss) and the increase in the former (angiogenesis) 
INTRODUCTION
It is vascular complications that directly account for short life expectancy and poor quality of life (QOL) in patients with diabetes mellitus. To understand how blood vessels are impaired in the diabetic state is therefore important to make diabetes a not-terrible disease. As is diabetes per se, diabetic complications are thought to be caused by multiple environmental and genetic factors. A concept that interactions between senescent macromolecules termed advanced glycation endoproducts (AGE) occurring in our internal milieu and a cellular receptor for them are the major account for diabetesinduced vascular derangement has emerged, suggesting the possibility that the AGE and their receptor system will be a promising target for overcoming diabetic vascular complications (1) (2) (3) (4) (5) (6) (7) . Reviewed here are lessons at cellular, subcellular and molecular levels and from transgenic animals, the results of which have led us to propose this concept.
LESSON FROM COCULTURE
Microvessels, the place at which diabetic microangiopathies exemplified by retinopathy and nephropathy take place, are composed of two cell types, endothelial cells (EC) and pericytes. EC not only serve as the barrier against cellular and acellular blood components but also produce various vasoactive substances, which contribute to the regulation of vascular function. Pericytes are cells that encircle the endothelium. Because they have such an anatomical topology, and because they contain intracellular contractile fibers, pericytes have been regarded as the microvascular equivalent to smooth muscle cells. However, the biological significance of pericytes is not fully understood. To address this issue, EC-pericyte coculture systems were developed (8, 9) . When human umbilical vein EC were cultivated on the feeder layer of bovine retinal pericytes, the growth curve of EC shifted downward, and this required a physical contact between the two cell types (8) . Pericytes were also found to influence EC ability to synthesize prostacyclin, an antithrombogenic prostanoid. This also required EC-pericyte contact. Further, pericytes conferred protection against lipid peroxide-induced injury of EC (8) , and human fibroblasts could not substitute for pericytes. Accordingly, pericytes are considered to endow the neighboring EC with instructive signals. Candidate molecules for this are represented by transforming growth factor-beta (TGF-β) (10) and heparan sulfate proteoglycans (11, 12) .
EC-pericyte coculture experiments were also conducted in an inverted orientation; viz, pericytes were cultivated on EC feeder. Contrasting with the case of the pericyte effect on EC, EC exerted a stimulatory effect on pericyte growth. This was achieved even when pericytes were separated from the EC layer, suggesting that diffusible molecules are responsible for the stimulation. The molecule was identified to be endothelin-1 (9) . As shown in Figure 1 , these observations indicate that the growth and functions of EC are under a control of neighboring pericytes, and that the interaction between EC and pericytes contributes to the maintenance of microvascular homeostasis. When the number of pericytes decreases, EC would undergo angiogenesis and thrombogenesis. Such a circumstance does occur in vivo under the diabetic state. Pericyte loss or dropout is that, which has been known as the earliest histopathologic change in diabetic retinopathy. Knowledge from the pericyte-EC coculture experimentation suggests that deficiency in endothelin-1 action may be a possible mechanism. However, plasma endothelin-1 levels in diabetic patients are reported to be rather higher than in normal subjects (13) , while pericytogenesis proceeds normally in endothelin-1 deficient mice (14 and unpublished observation by Yamagishi S, Katsuta S, Kurihara Y, Kurihara H, Yamamoto H). Then, other candidates involved in diabetes-induced pericyte derangement were sought.
LESSON FROM PERICYTES
What we have noticed of as a possible cause for pericyte loss is AGE. Reducing sugars like glucose can react nonenzymatically with the amino groups of proteins to form Schiff bases and then Amadori compounds. These early glycation products further undergo reactions, including dehydration, condensation and crosslinking, yielding irreversible fluorescent protein derivatives termed AGE. This reaction was first described in 1912 in the field of food chemistry by Maillard (15) . Subsequently, it has been known that AGE also occur within our bodies during ageing and at an extremely accelerated rate in diabetes mellitus. The irreversible nature of diabetic complications and the well known fact that the progression of this disease best correlates to the extent of glycation as reflected by hemoglobin A 1c , the Amadori rearrangement product of hemoglobin, prompted us to see whether AGE participate in pericyte loss. For this, Yamagishi et al (2) incubated bovine serum albumin (BSA) with high concentration of glucose. The resultant material exhibited spectrophotometric features characteristic of AGE, migrated more slowly than nonglycated BSA on reducing SDSpolyacrylamide gel electrophoresis, and was thus regarded as AGE-BSA. This preperation was then administered to the culture of bovine retinal pericytes. Their growth was found to be retarded by AGE-BSA in a dose-dependent manner (4). Though modest, AGE-BSA also exerted an acute toxicity to pericytes. Accordingly, AGE seemed to take an active part in the decrease in pericytes during prolonged diabetic exposure.
The presence of cellular receptors that can bind AGE has been described. Among them is a cell surface receptor for AGE (RAGE), which was initially isolated from bovine lung by the group of Dr Stern (16) . It belongs to the immunoglobulin superfamily, having three immunoglobulin-like domains in the N-terminal extracellular segment, one transmembrane region and a short C-terminal intracytoplasmic stretch. To test whether this receptor molecule is required for the AGE action on pericytes, we employed antisense strategy. A septadecamer DNA complement of bovine mRNA RAGE and its sense control were synthesized by phosphorothioate chemistry (17) , and administered to pericyte culture with or AGE-RAGE system in diabetic vascular injury without AGE-BSA. As a result, RAGE antisense, but not sense control, was found to abolish the AGE-induced decrease in viable pericytes (4) . This indicated that the AGE effect on pericytes is mediated by receptor-ligand interactions.
LESSON FROM ENDOTHELIAL CELLS
AGE also act on EC. Contrasting with the case of pericyte, AGE-BSA supershifted upward the growth curve of human microvascular EC (2) . EC synthesis of DNA was also stimulated by the exposure to AGE-BSA, but not by nonglycated BSA. These results indicate that AGE are potentially angiogenic. A thrombogenic activity of AGE was also noted. AGE-BSA inhibited EC ability to synthesized prostacyclin on one hand (1,2), and stimulated the production of plasminogen activator inhibitor-1 on the other (3). These AGE actions on EC were also RAGE-dependent, as evidenced by their cessation with RAGE antisense. The most effective dosage of AGE-BSA was 50 µg/ml in each of the three indices. This concentration is comparable with the level of circulating AGE documented in human diabetic patients (18) .
Vascular growth in the adult may occur via vasculogenesis (angioblast mobilization), angiogenesis (capillary growth) or arteriogenesis (collateral growth) (reviewed in 19) . Angiogenesis is the process by which new vascular networks are formed from preexisting capillaries, and is physiologically essential for development, growth, reproduction, and wound healing. Various pathologic states also depend on angiogenesis; these include cancer growth and metastasis, proliferative diabetic retinopathy, rheumatoid arthritis, psoriasis vulgaris, and atherosclerotic lesions. Hypoxia has been known as the principal factor for angiogenesis. However, how hypoxia induces it is not yet fully understood. To address this issue, we developed a hypoxic culture system, in which microvascular cells are cultured in a controlled atmospheric culture chamber containing defined concentrations of oxygen (20, 21) .
Both microvascular EC and pericytes were found to grow more rapidly under hypoxic conditions than under normoxic conditions. The O 2 tension that caused the maximal growth promotion was 5% in EC (22) and 2.5% in pericytes (21) . Expression of the gene coding for vascular endothelial growth factor (VEGF) was found to increase as the atmospheric O 2 tension decreased, and the hypoxia induction of EC and pericyte growth was completely neutralized by VEGF antisense (21) and anti-VEGF antibodies (22) . This indicates that VEGF synthesized by microvascular cells themselves participates in the hypoxia-driven angiogenesis, and that VEGF can also act as a pericyte mitogen under hypoxic conditions (23) . Recent studies have provided information that both EC and pericytes express not only VEGF but also other members of the VEGF gene family, including placental growth factor (PLGF), VEGF-B, VEGF-C, VEGF-D and their receptors VEGFR2, VEGFR3 and neuropilin-1 (19, 24) . Among them, PLGF was found to play an important role in the hypoxia-induced stimulation of EC growth; this factor is expressed in EC as abundantly as two orders of magnitude higher than VEGF, and antisense DNAs against mRNA PLGF and mRNA VEGF additively halted the EC growth (24) .
The lesson from hypoxic culture of vascular cells evoked a question whether the angiogenic activity of AGE is also VEGF-mediated. First, we analyzed VEGF gene expression in EC exposed to varying concentrations of AGE-BSA. Levels of mRNA VEGF165 and mRNA
VEGF121
, the secretory forms of VEGF, were most increased at 50 µg/ml, the concentration at which AGE exerted the strongest biologic actions on EC. On the other hand, the levels of mRNA for VEGF receptors were essentially invariant. Second, functional roles of VEGF were assessed with VEGF neutralizing antibodies. The antibody was found to abolish not only AGE-induced EC proliferation but also AGE-induced tube formation of EC. Therefore, it was concluded that it is autocrine VEGF that mediates the angiogenic activity of AGE (2), as it does in hypoxia-driven EC growth and tube formation (21) .
LESSON FROM MESANGIAL CELLS
The AGE-RAGE system is also related to mesangial expansion, the histopathologic hallmark of diabetic glomerulosclerosis caused by enhanced production of extracellular matrix proteins. The group of Doi (5) developed a hammerhead ribozyme against mRNA RAGE and introduced it into mouse mesangial cells in culture. The level of collagen type IV mRNA doubled when exposed to AGE, but this induction was abolished in cells that expressed the RAGE ribozyme.
A HYPOTHESIS FOR DIABETES-INDUCED MICROVASCULAR DERANGEMENT
From those lessons, we propose a mechanism for diabetesinduced microvascular derangement in retinopathy and nephropathy (Fig. 2) . During prolonged hyperglycemia, AGE are formed and accumulate in circulating blood and in various tissues. AGE act on pericytes through interactions with RAGE, leading to pericyte loss. This results in deterioration of ECpericyte interactions, which in turn causes angiogenesis and thrombogenesis. AGE directly act on EC again through RAGE, which further leads to angiogenesis and thrombogenesis, the former being mediated by autocrine VEGF. When microthrombus is formed within microvessels, hypoxic regions would be generated downstream, which can superdrive VEGF production, thus forming a vicious cycle. These changes would contribute to the development and progression of retinopathy. The AGE-RAGE system also participates in mesangial expansion, leading to the development of nephropathy.
LESSON FROM TRANSGENIC MICE
To evaluate the hypothesis in vivo, Yamamoto et al (25) created transgenic mice that overexpress human RAGE proteins in vascular cells by introducing fertilized ova a transgene carrying human RAGE genomic DNA under the control of the murine VEGF receptor promoter, which acts specifically in EC (Fig. 3) . Integration into the mouse genome, active transcription and translation of the RAGE transgene were confirmed by Southern blot analysis, reverse transcription-polymerase chain reaction, and immunoblotting. Renal glomeruli of the transgenic mice were positively stained for human RAGE in an EC pattern.
There are several means to induce diabetes in experimental animals (26) . Chemical or surgical maneuvers for diabetes induction, however, cause some diversity among individual animals in terms of the extent of severity and the onset of diabetes. Accordingly, we employed a genetic approach by which both a diabetic state and an advanced glycation would be most stably induced. Viz, RAGE transgenic mice were crossbred with another transgenic mouse line that consistently develops insulin-dependent diabetes as early as 1 week after birth due to the inducible nitric oxide synthase (iNOS)-mediated selective destruction of insulin-producing pancreatic β cells (27) , yielding four groups of littermates which carried both, either or neither of the transgenes (Fig. 3 ). They were designated double Tg, RAGE Tg, iNOS Tg and nontransgenic control. Blood analysis revealed sustained hyperglycemia, high hemoglobin A 1c levels and the progressive accumulation of AGE in the former two but not in the latter two groups.
The gross phenotypic abnormality that we initially noticed in double Tg was enlarged kidneys. The kidney weight : body weight ratios in double Tg were about 30% higher above the values in the other three groups. Accordingly, we first focused the study on nephropathy, a representative life-threatening diabetic complication which approximately 30% of patients with insulin-dependent diabetes mellitus suffer from (28) . This renal complication of diabetes is characterized by increased albuminuria and glomerular hypertrophy as well as nephromegaly in the early phase. In its late phase, glomerulosclerosis and increased serum creatinine follow. Double Tg showed a significant acceleration of all the early-and late-phase indices of diabetic nephropathy. The diabetic RAGEoverexpressing mice finally developed typical nodular lesions and hyaline arteriosclerosis. The increases in serum creati-AGE-RAGE system in diabetic vascular injury nine and in the sclerosis index were effectively prevented with (±)-2-isopropylidenehydrazono-4-oxo-thiazolidin-5-ylacetanilide (25), a thiazolidine derivative that can inhibit AGE formation by blocking carbonyl groups on glycation intermediates (29) . Indices diagnostic of diabetic retinopathy were also most prominent in double Tg. This included the delay in the peaks of oscillatory potentials on electroretinogram, increased permeability of retinal vessels and an increase in hypovascular or avascular areas in the retina.
Therefore, this transgenic technology-aided approach has provided firm in vivo support to the concept that AGE-RAGE system plays an active role in the development of diabetic complications, and that the AGE-RAGE system is an effective target for intervention in this disease. Further, there was no single animal model that develops renal changes similar to those seen in humans (30) . The double transgenic mice will serve as a most useful animal model for studying the pathogenesis of diabetic complications and for testing remedies.
LESSON FROM THE NUCLEUS
In light of the findings with RAGE-overexpressing tansgenic mice, it is reasonable to assume that upregulation of the endogenous RAGE gene would aggravate diabetic vascular derangement. To know the regulatory mechanism of RAGE gene expression is, therefore, important. Hence, we pursued factors that can influence EC expression of the RAGE gene. Tanaka et al (31) found that AGE ligands themselves, tumor necrosis factor-alpha (TNF-α) and 17β-estradiol (E2) can activate RAGE gene transcription. AGE and TNF-α shared the same cis-element for induction, which was located around nucleotide -671 in the human RAGE 5'-flanking sequence, while E2-responsible elements resided at -189 and at -172 (32) . Electromobility shift assays revealed that nuclear factor-κB (NF-κB) is the trans-factor that binds to the AGE-and TNF-α-responsible element, and that Sp-1/estrogen receptor α complex is the factor acting on the E2-responsive elements AGE-RAGE system in diabetic vascular injury (31) (Fig. 4) . The finding indicated that AGE themselves can activate the RAGE gene expression, and that increased RAGE may further transduce AGE signals within microvascular cells. Being consistent with this observation, it has been reported the AGE-rich vasculature exhibits enhanced RAGE immunoreactivity in the sites of diabetic microvascular injury (32) . Such a positive feedback loop in the diabetic state may exacerbate diabetic vasculopathy. TNF-α is known to be overexpressed in adipose tissue under obese and diabetic states and to cause insulin resistance, the central and early component of non-insulin-dependent diabetes mellitus (33, 34) . The action on RAGE gene unveiled another role of this cytokine in diabetes; that is, an increased TNF-α level in diabetic patients may worsen diabetic complications via RAGE induction. The Sp1/estrogen receptor α-mediated RAGE gene activation by E2 would seem to provide a biochemical basis for the well known fact that pregnancy worsens diabetic retinopathy (35) .
AGE

CONCLUSION
Some actions of nurture and nature are obviously at variance with the purposes of evolution, and rather assist with the development of diseases. Endogenous RAGE ligands have recently been identified, and studies with them suggest that this receptor molecule is also related to neuronal network formation in the cerebrum (36) and to proinflammatory reactions (37) . Diabetic complications appear to exploit the molecular devices primarily evolved for development and survival. In all the likelihoods, AGE would hardly be encountered by ancestral homo sapiens, who was placed in starved conditions under usual circumstances and was relatively short-lived, but occur as we become nourished and get longevity, eventually being recognized by the cell surface molecule probably due to their steric mimicry of natural ligands. Nevertheless, the lessons presented in this review have taught us that we should develop effective means to interrupt such an abusage within for overcoming this life-and QOL-threatening disease. 
